We have examined the influence of bonded hydrogen on the losses in silicon oxynitride (SiON) planar optical waveguides on silicon substrates having a silicon dioxide buffer layer. In the SiON layer grown by plasma enhanced chemical vapour deposition, hydrogen was mainly bonded to silicon as evidenced by strong absorption at 2160 cm −1 . The concentration of bonded hydrogen was reduced from 1.2 × 10 22 cm −3 to 5 × 10 21 cm −3 as the substrate temperature was raised from 100 to 300
Introduction
Development of optoelectronic integrated circuits (OEICs) requires that the source, waveguide and the detector be fabricated on the same semiconductor substrate. OEICs require an efficient coupling between optical and electronic components. One approach is to directly butt-couple the optical fibres on the semiconductor substrate [1, 2] . It is however not possible to achieve large scale integration by this hybrid technology. OEICs have been fabricated using Si substrate as a waveguide. This has two disadvantages. The processing and growth is complicated and the substrate has a very high refractive index. The guides are small, subject to loss due to imperfections and are very difficult to couple to optical fibres.
A more convenient method is to deposit a lower refractive index multilayer thin film for optical waveguide formation on to the semiconductor substrate. Techniques to achieve this are compatible with the semiconductor process technology and are suitable for large scale integration. Although several thin film optical waveguides for integrated optics have been reported in the literature [3] , relatively little attention has been given to the development of integrated optics using SiON on Si and GaAs. The advantages of SiO 2 /SiON waveguides are that they are particularly robust (more so than polymer waveguides), use relatively standard technology and are compatible with silicon processing. Because of the high refractive index of Si and GaAs substrates, it is necessary to use a low index buffer layer to isolate the waveguide from the substrate and reduce the waveguide loss due to the coupling to the substrate. SiO 2 with an index of 1.46 can be used as a buffer layer [4] [5] [6] [7] [8] . The refractive index difference between the guiding layer and SiO 2 is typically small and hence the SiO 2 layer should be thick enough to prevent excessive guided mode loss by coupling through this layer into the substrate.
The use of silicon substrates allows the hybridization of active devices on the same substrates. Doped SiO 2 has been extensively used with Si for the fabrication of integrated optical circuits [9] [10] [11] . Using this technology, passive integrated optical components for telecommunication such as wavelength division multiplexers and demultiplexers, branching devices and polarization splitters have been fabricated.
Using plasma enhanced chemical vapour deposition (PECVD) [11] and flame hydrolysis, a very low loss of 1.0 dB per metre [12] has been reported. An alternative is to use thin SiO 2 , Si 3 N 4 and SiON layers. Such layers have been widely used for passivation and isolation of semiconductor devices as well as for the coating of electrooptic devices. During the last few years, they have also received some attention as optical waveguide materials. Low loss material can be generated with refractive index varying from 1. where the refractive index can be tailored over a very wide range [13] [14] [15] [16] [17] [18] [19] . The main material consideration for SiON in waveguide application is the requirement of low loss, hence the deposition parameters of the material may be different from the material used in integrated circuit technology. In the present investigation, we have examined the influence of bonded hydrogen on the losses in SiON planar optical waveguides on silicon substrates having 1.1 µm SiO 2 as a buffer layer. The effect of the substrate temperature used during the processing of SiON, has also been examined.
Experimental details
SiON layers were grown by PECVD on p-Si using a gaseous mixture of high purity silane (2% in argon), nitrous oxide and ammonia. Before deposition, the substrates were cleaned using a hydrogen peroxide sulphuric acid mixture, etched in HF, rinsed in deionized water and spin dried in nitrogen. The PECVD system had a 13.56 MHz 300 watt RF supply. Layers having various compositions were grown by changing N 2 O:N 2 O + NH 3 flow rate ratios. The chamber pressure was 300 millitorr and substrate temperature was kept at 100 and 300
• C. Refractive index and thickness of the layers was measured at 632.8 nm by a Gaertner L117 ellipsometer. For calculation of the dielectric constant, C-V characteristics were measured at 1 MHz by an HP 4192A LCR bridge on a metal-insulator-semiconductor structure. The UV absorption edge of the layers was measured using 1 mm thick suprasil plates as substrates. Before the deposition, the plates were degreased in trichloroethylene, dipped in methanol and blown dry in nitrogen. The IR spectra was recorded in the 400 to 4000 cm −1 range. For waveguide fabrication a silicon substrate with a thermally grown 1.1 µm thick buffer layer was used. A sliding prism method using two rutile prisms was used for loss measurements.
Results and discussion
A gradual variation in the refractive index was obtained as the flow rate ratio N 2 O:(N 2 O + NH 3 ) was increased. With no N 2 O, the refractive index was 2.05 whereas with no NH 3 , it was 1.46. As the oxygen content increases, the refractive index decreases. The refractive index of SiON compares favourably with the data reported for SiON by thermal CVD [20] .
The bonded hydrogen appears as N-H and Si-H stretching frequencies in the infrared spectra at 3350 and 2160 cm −1 respectively. In the present work, the hydrogen was predominantly bonded as Si-H as the N-H bond strength was below the detectable limit. A method of hydrogen profiling has been given by Lanford and Rand [21] using the resonant nuclear reaction:
A beam of accelerated 15 N 2+ ions impinges upon the material. There is appreciable probability for reaction only at 6.385 MeV. Thus if the sample is bombarded with 15 N at this energy, the number of γ rays coming from the sample is proportional to the hydrogen concentration at the film surface. By increasing the energy of the ions, a concentration profile of hydrogen versus depth can be determined and therefore the total hydrogen concentration can be measured. Since the Si-H and N-H bands do not have the same absorptivity, the total hydrogen concentration is apportioned between Si-H and N-H bands. It has been pointed out that Si-H bonds have 1.4 times the specific absorption of N-H bonds and the following equations relate the number of N-H and Si-H bonds per cm 2 to the areas of N-H and Si-H absorbance bands respectively [22] :
Si-H cm
The hydrogen in our samples appeared predominantly as Si-H. The N-H bonds were below the detectable limit. The hydrogen concentration in the samples varied with substrate temperature. At 100
• C, it was 1.2 × 10 22 cm −3 and went down to 5 × 10 21 cm −3 at 300 • C. The detection limit was 2 × 10 20 cm −3 . The maximum attenuation in the infrared (figure 1) lies in the 400-2800 cm −1 range where Si-O and Si-N vibrations occur. In between the absorption band locations of the Si-N (840 cm −1 ) bond in silicon nitride and Si-O (1060 cm −1 ) bond in silicon dioxide, a large mixture of both features is observed for oxynitride. As the N 2 O content in the gas phase is increased, the Si-N bond shifts towards higher frequency. This is because as N 2 O:(N 2 O + NH 3 ) increases, more and more oxygen atoms join the silicon atom at the Si-N site. Since oxygen is more electronegative than nitrogen, this increases the frequency of the N-Si bond.
Oxynitride exhibits strong absorption in the 0.2 to 0.3 µm range. Bulk material absorption does appear to contribute to waveguide losses at λ > 0.45 µm and <2.0 µm. Refractive index inhomogeneities result in bulk scattering (Rayleigh scattering) due to intrinsic . There is a problem of adhesion of photoresist on plasma processed SiO 2 since OH groups desorb only at temperatures above 700
• C [24] . Waveguide structures of a few microns broaden or peel off. This is avoided by a thin chromium interlayer. Chromium has a good adhesion to photoresist and high resistance in the plasma etching. The SiO 2 cover is structured in a CHF 3 plasma. We do not think that a change in the waveguide dimensions is a possible cause of loss. The SiON in our experiments is 0.301 µm thick; the loss has been attributed to the lowest order TE mode. Thicker (>1 micron) SiON layers support higher order modes [25] . In the present investigation only the lowest order TE mode could be detected. The presence of other modes is however not ruled out.
Silicon oxynitride optical waveguide
The absorption loss in the waveguide is related to the presence of silicon and hence increases with the refractive index. The leakage loss is related to the field penetration depth from SiON to the substrate. Since Si itself not only has a high index, but is also absorbing in the visible (at 632.8 nm), it is necessary to isolate the substrate from the waveguide with a low index buffer layer. A thermally grown SiO 2 buffer layer of 1.1 µm thickness has been used. The index of SiON was 1.5.
A sliding prism loss measurement apparatus [26] was used in the present investigation using two roof top rutile prisms coupling into and out of the guide. The structure is shown in figure 2 . The input prism 1 couples the 632.8 nm radiation to the waveguide and the output measures the power after the beam has travelled a distance of 2 cm. The output prism can move and make contact to the waveguide through a nonwetting liquid which does not attack the waveguide and has an index equal to or slightly lower than that of prism 2. The waveguide attenuation was determined from input and output power and was estimated to be 1.5 and 1.2 dB cm −1 for the lowest order TE mode at 632.8 nm for SiON prepared at substrate temperatures of 100 and 300
• C respectively.
The accuracy of measurement was 0.02 dB cm −1 . The corresponding hydrogen concentrations have been estimated to be 1.5 × 10 22 cm −3 and 5 × 10 21 cm −3 respectively.
Conclusions
(a) The bonded hydrogen in SiON is predominantly in the form of Si-H bonds and is a function of substrate temperature. (b) The hydrogen concentration was 1.2 × 10 22 cm −3 at a temperature of 100
• C and reduces to 5 × 10 21 cm −3 at 300
• C. (c) The sliding prism method using two rutile prisms gave a loss of 1.5 dB cm −1 for SiON prepared at a substrate temperature of 100
• C. This reduces to 1.2 dB cm −1 for SiON prepared at a substrate temperature of 300
• C. The loss could be reduced by taking a thicker buffer layer. (d) The method is suitable for substrates with low decomposition and melting temperature. This is particularly important for GaAs and InP. The low temperature processing does not create problems due to different thermal expansion coefficients between the waveguide and substrate and the undesired diffusion of dopants is reduced during processing.
